Objectives Periapical lesion (PL) promotes insulin resistance; however, the mechanisms underlying this alteration are not fully understood. Therefore, in this study, we aimed to evaluate the Akt serine phosphorylation status and GLUT4 expression levels in the gastrocnemius muscle (GM) of rats with PL. Materials and methods Male Wistar rats (n=42) were distributed equally into control (CN) and PL groups. The pulpal tissue of the PL group rats was exposed to the oral environment for 30 days. Thereafter, glucose and insulin levels were assessed, followed by homeostasis model assessment of insulin resistance (HOMA-IR). The Akt serine phosphorylation and GLUT4 levels of microsomal (M) and plasma membrane (PM) fractions were evaluated by western blotting and analyzed statistically. Results Compared to CN group rats, PL group rats had lower insulin sensitivity (as observed by HOMA-IR), lower Akt serine phosphorylation status after insulin stimulus, and lower GLUT4 levels in the PM fraction. However, the M fraction in the PL group did not differ significantly from that of the CN group.
Introduction
Periapical lesion (PL) can occur as a result of an immune response triggered by the presence of bacteria and toxins in the root canals of teeth. This condition can promote an inflammatory response in the dental pulp and periapical region, resulting in local bone resorption [1] .
The putative link between oral inflammation and systemic health is of great interest to the medical and dental community. The existence of a bidirectional relationship between endodontic disease and type 2 diabetes mellitus has been studied [2] , and some clinical and experimental studies have shown a high prevalence of PL in humans and animals with uncontrolled diabetes [3, 4] . Diabetes mellitus is one of the most common chronic diseases worldwide, and 439 million adults are expected to have diabetes by 2030 [5] . Insulin resistance is a hallmark for type 2 diabetes. Reduced insulin-stimulated glucose transport, which manifests as insulin resistance [6] , is associated with chronic low-grade inflammation in obese patients [7] . Moreover, periodontal disease and PL can alter insulin signaling and insulin resistance [8, 9] . In concordance with these findings, increased pro-inflammatory cytokine levels have been found to correlate with PL and obesity and cause insulin resistance [10] [11] [12] . While the exact mechanisms underlying insulin resistance in patients with PL require elucidation, changes in the expression levels and translocation of glucose transporter type 4 (GLUT4) in skeletal muscle have been suggested to be crucial for insulin resistance [13] .
Insulin stimulates tyrosine phosphorylation of the insulin receptor substrate (IRS)-1 isoform. Subsequently, IRS-1 recruits and activates phosphatidylinositol 3-kinase (PI3K) [14] , which activates Akt and then leads to GLUT4 translocation to the plasma membrane. Akt regulates GLUT4 trafficking through its substrate, AS160, a Rab GTPase-activating protein [15] . PL causes insulin resistance and impairs the initial stage of insulin signaling, possibly by reducing tyrosine phosphorylation of pp185 (IRS-1/2), as observed in the adipose tissue of rats with PL [9] . In this study, we hypothesized that PL impairs later steps of insulin signaling and GLUT4 expression. To this end, we determined the levels of glucose and insulin, insulin resistance, and GLUT4 expression in the gastrocnemius muscle (GM) of rats. We believe that the identification of proteins that are dysregulated at various stages of insulin signaling will help in the development of new preventive and therapeutic strategies to ameliorate insulin resistance.
Materials and methods

Experimental animals
Forty-two male Wistar rats weighing 250-280 g were used in this study. The rats were kept in temperature-controlled rooms and were given water and food ad libitum. The local ethics committee approved all experimental protocols according to protocol number 2013/00940.
PL induction
The rats were randomly distributed into two groups of 21 rats each: the control (CN) group and periapical (PL) group. The PL group rats were anesthetized by an intraperitoneal injection of 87 mg/kg ketamine (Ketamina Agener; Agener, EmbuGuaçu, SP, Brazil) and 13 mg/kg xylazine (Dorcipec, Vallée, Montes Claros, MG, Brazil). Pulp chambers of the right upper first molars were accessed using a round bur (Long Neck, Dentsply Maillefer, Petrópolis, RJ, Brazil) connected to high-speed rotation equipment. Exposure to the oral environment for 30 days induced PL in the dental pulp. Then, blood and GM tissues were collected from the anesthetized rats (50 mg/kg sodium thiopental; Thiopentax, Cristália Itapira, SP, Brazil) after they were fasted for 14 h. The rats were euthanatized after sample collection.
Glycemia, insulinemia, and HOMA-IR
Blood was collected in heparinized tubes from ten rats per group. Plasma was isolated by immediate centrifugation at 3000×g for 15 min at 4°C and stored in aliquots at −80°C. The plasma samples were used to determine glycemia by the glucose oxidase method (enzymatic glucose; ANALISA Diagnóstica, Belo Horizonte, MG, Brazil) and insulinemia by a radioimmunoassay kit (Sensitive Rat Insulin, SRI-13K, Millipore, St Charles, MO, USA). Insulin resistance was evaluated by the homeostasis model assessment of insulin resistance (HOMA-IR) index, calculated by the formula HOMA-IR=fasting glycemia (mmol/L)×fasting insulinemia (μIU/mL)/22.5 [16] .
Evaluation of Akt serine phosphorylation status in skeletal muscle
GM was collected from six rats per group before and after the administration of 1.5 U of insulin intravenously over 90 s. Tissue samples were prepared according to a previously described method [17] and subjected to western blotting for quantifying the level of serine phosphorylation using antiphosphoserine AktSer473 antibody (Santa Cruz Biotechnology, CA, USA). β-Actin antibody (EMD Millipore Corp, Billerica, USA) was the control. Immunoreactive bands were detected by autoradiography using a chemiluminescent substrate kit (GE Healthcare, Buckinghamshire, UK). Quantitative analysis of the blots was performed using Scion Image-Release Beta 3b software (National Institutes of Health, Frederick, MD, USA).
GLUT4 protein analysis
Tissue samples were homogenized in sucrose buffer, pH 7.4 (10 mmol/L Tris-HCl, 1 mmol/L EDTA, and 250 mmol/L sucrose), and subjected to differential centrifugations to obtain the plasma membrane (PM)-and microsomal membrane (M)-enriched fractions of skeletal muscle [18] . Equal amounts of PM-or M-enriched protein were resolved on a 10 % SDS gel. The blots were quantified by densitometry (ImageQuant TL; Amersham Biosciences UK Limited) and normalized for β-actin as the internal loading control.
Histological processing of the maxilla
After the rats were euthanized, their maxillae were dissected, decalcified in 10 % EDTA for 60 days, and processed to generate paraffin-embedded histological sections. Latero-lateral, semi-serial sections (4-μm thick) presented the upper first molar in the longitudinal axis. Hematoxylin and eosin staining of the sections enabled the study of the dental pulp and periapical region.
Statistical analyses
GraphPad Prism (version 5.0) software was used for statistical analysis. Akt serine phosphorylation was determined by analysis of variance, followed by Tukey's post hoc test. Student's t test was used for the analysis of glycemia, insulinemia, HOMA-IR, and GLUT4 content in M and PM fractions. P<0.05 was considered statistically significant.
Results
Histopathological appearance
The dental pulp and periodontal tissues in the periapical region of the PL group showed complete necrosis when compared with the dental pulp and periodontal tissues in the periapical region of the CN group (Fig. 1a) . The root canal was either empty or occupied by little necrotic remnants. In addition, the periapical region of every dental root displayed PL of variable sizes. The lesion spanned the alveolar bone in this region, where severe bone resorption had occurred and still showed intense activity (Fig. 1b) . The lesions had an inflammatory infiltrate consisting predominantly of lymphocytes and macrophages.
Glycemia, insulinemia, and HOMA-IR
The glycemia, insulinemia, and HOMA-IR findings are shown in Table 1 . The blood glucose and insulin levels were similar in both CN and PL groups. However, the HOMA-IR, calculated from these values, was significantly higher in the PL group than in the CN group (P<0.05).
Akt serine phosphorylation in the GM
Compared to the basal levels, insulin stimulus significantly increased Akt serine phosphorylation in both groups in the GM (P<0.001). After insulin stimulus, Akt serine phosphorylation status was significantly lower in the PL group than in the CN group (P<0.01, Fig. 2 ). Figure 3 presents the results of GLUT4 expression in the PM and M fractions. Both groups had similar GLUT4 expression in the M fraction; however, compared to the CN group, the PL group expressed lower levels of GLUT4 in the PM fraction (P<0.05).
GLUT4 content in the GM
Discussion
In this study, we demonstrated an association between PL and insulin resistance. The reduction in insulin sensitivity in PL rats is in agreement with previous findings of higher insulin resistance and decreased insulin sensitivity in rats with chronic PL [9, 19] . Because of insulin resistance, plasma insulin and glucose levels might be elevated [18] . However, we did not observe any such elevation in our study. Our results corroborate the findings of Colombo et al. [8] , who reported that changes in glycemia in rats with periodontitis were not observed, although these animals were insulin resistant. Fig. 1 Histological appearance of the periapical region in the control (CN) and periapical lesion (PL) groups. Hematoxylin and eosin staining showed normal appearance of dental pulp and periodontal tissues in the CN group (a) and the lesion established in the periapical region in the PL group (b). ab alveolar bone, dp dental pulp, rn remnants of pulp necrosis, pdl periodontal ligament, asterisk inflammatory infiltrate. Magnification ×250; scale bars 100 μm Similarly, Astolphi et al. [9] did not observe changes in glycemia in insulin-resistant rats. Akt phosphorylation levels indicate the status of insulin signaling, as shown in previous animal studies [20] [21] [22] . In the present study, Akt serine phosphorylation reduced after insulin stimulus in the GM of the PL group compared to the CN group.
Akt phosphorylation also decreases in other insulinsensitive tissues such as adipose tissue. Akt phosphorylation is diminished in 3T3-L1 adipocytes from obese ob/ob mice [23] and in adipocytes infiltrating skeletal muscles in vitro [24] . A periodontitis study associated with a high-fat diet identified decreased Akt activity in rat livers [20] . In these studies, the researchers attributed lower Akt activation to alteration of inflammatory components.
PL triggers inflammation and immune response to combat the invading microorganisms at the dental pulp [25] . A high incidence of macrophages suggests that they are crucial components of periapical granulomas [26] . Macrophage infiltration and activation trigger the production of pro-inflammatory cytokines such as TNF-α [27] . TNF has the capacity to activate the nuclear translocation of transcription factor nuclear factor-kappa B. This factor binds to specific DNA regions and promotes exacerbation of inflammatory processes through the transcription of genes involved in cellular inflammatory and immune responses that are associated with insulin resistance [28] . Studies, including those by our group, have linked TNF-α with impaired insulin signaling. Elevated TNF-α levels inhibit tyrosine phosphorylation of IRS-1, which is associated with obesity [29] , periodontitis [8] , and PL [9] .
Conversely, attenuation of TNF-α-induced inflammation has been found to restore tyrosine phosphorylation of IRS-1 and Akt in 3T3-L1 adipocytes [30] , suggesting that TNF-α directly affects Akt phosphorylation. Reduced plasma cytokine levels in patients undergoing apicoectomy, curettage [31, 32] , tooth extraction [33] , or conventional endodontic therapy [34] indicate that treatment of inflammatory disorders such as PL can reverse systemic inflammation. Moreover, inhibiting Akt protein activity decreases GLUT4 translocation to the PM [35] .
GLUT4 is a glucose transporter expressed primarily in adipose and muscle tissues [36] . Abnormal GLUT4 trafficking might be the cause of decreased glucose uptake in skeletal muscles in insulin resistance conditions [13] . GLUT4 expression is also reduced in diabetes mellitus and obesity in humans [37] and rodents [38] . There was no difference in the GLUT4 content in the M fraction in the GM of PL group rats after 30 days of exposure to the illness compared to the CN group rats. However, reduced GLUT4 levels in the PM fraction in the GM of PL group rats compared to the CN group rats suggest a reduction in basal glucose uptake. These results corroborate the findings of Carvalho et al. [17] , who found difference in GLUT4 content in the GM of obese rats only at 7 months. In yet another study, an experimental model of metabolic syndrome showed decreased GLUT4 content in GM 3 months after disease induction [37] . Thus, the unchanged GLUT4 content in the M fraction in the present study can be attributed to insufficient time for disease progression.
Studies performed with the present experimental model using different exposure times to illness can provide better understanding about the mechanisms underlying the relationship between PL and insulin signaling, enabling the development of more effective therapeutic measures to prevent insulin resistance. Our findings that PL promotes insulin resistance and reduces Akt serine phosphorylation and GLUT4 content in the PM in the GM emphasize the importance of preventing endodontic disease to prevent insulin resistance.
